Introduction
The use of renewable energy is highly desirable to contribute to the global suppression of CO 2 emissions. To sustain the current sophisticated information society, large renewable power plants such as offshore wind farms or solar power generation in deserts are necessary. Thus, we require electrical power transmission lines stretching over a long distance at a very high voltage, which requires a high-voltage direct-current (HVDC) system, as well as transmission lines with high performance and low-loss power switches, which demand advanced power electronic devices.
Semiconductor devices such as light-triggered thyristors (LTTs) have been used as power converters in conventional bulk power systems such as advanced power electronic devices. Nakamoto and Fukuda reported that such a power converter, for example, at a voltage of 250 kV and a current of 1200 A would require 224 LTTs to obtain a high insulation voltage of 1344 kV for achieving a safety margin. Thus, such electrical power converters are as large as a building with the following dimensions (H Â W Â D): 11 Â 6 Â 3 m 3 , which prohibits their installation in a bulk power system. In addition, although the on-voltage of each LTT is as small as 2 V, that of power converters with 250 kV reaches 448 V. 1) Consequently, a large cooling system is necessary owing to the on-state power loss in such large power converters.
Thus, electron emission devices have been investigated to achieve compact high-voltage power switches. However, conventional vacuum tubes with thermionic emission from a filament could not avoid the large power loss by the generated heat. Field emitter arrays showed better performance for HVDC switches compared with conventional vacuum tubes, but the operation voltage has not yet been sufficiently reduced (25 V in AE1 kV operations). 1) In addition, there is no fundamental solution for both the current focused by the inhomogeneous electron emission in the arrays and spike and flicker noises, which are generally observed in field emissions.
For uniform, stable, and easy electron emission, which is generally required for any type of vacuum devices, negative electron affinity (NEA) has been expected. Hydrogenterminated diamond is confirmed as an ideal NEA surface. [2] [3] [4] Recently, Koizumi et al. has successfully demonstrated electron emission from hydrogenated {111} diamond p-n junctions, which seemed to use NEA. [5] [6] [7] An electron emission efficiency () of more than 10% was recorded, although the device structure had enough room to develop. An anode plate current (I A ) equal to the electron emission current of 1 A was achieved. This current flowed when the diode forward bias was above 50 V at 200 C under an anode plate voltage (V A ) of 100 V with a gap of 100 m, which was limited by the deep activation energy of 560 meV of phosphorus donors. 8, 9) On the basis of their results, we attempted to use diamond p-i-n junction diodes with a heavily doped n þ -layer to reduce contact resistance and operation voltages at room temperature (RT). As a result, we realized I A of 10 A ( ¼ 0:1%) with a diode forward bias (V pin ) of 16.4 V at RT under V A of 100 V with a gap of 100 m.
10)
According to these results, the NEA-based diamond emitters showed a potential to achieve higher electron emission efficiency than thermionic electron emitters with spontaneous electron emission triggered by a diode forward current, which is different from field electron emission triggered by an extraction voltage. Although parallel driving for a large current system seems to be easy with such spontaneous electron emission as a benefit of NEA, it seems to be difficult for field electron emission devices because of the very high sensitivity to inhomogeneous electric fields in a large area.
In addition, we expected a higher initial potential energy rather than a vacuum level in the NEA case, which has the potential to realize a lower on-voltage in operation by reducing the space charge limitation in electron emission compared with the case of conventional cathodes. Although we still have enough room to improve these new diamond emitters in this study, we suggest the potential of the diamond p-i-n diode electron emitter using NEA as one of the most useful candidates for a new type of HVDC vacuum switch.
Experimental Methods
We fabricated diamond p-i-n diode emitters by film growth of diamond through microwave plasma-assisted chemical vapor deposition (MPACVD), dry etching, and metallization processes. Figure 1 shows the result of secondary ion mass spectrometry (SIMS) of the sample fabricated by CVD growth. For the top layer, we successfully grew a heavily phosphorus doped n þ -layer (½P ¼ 5 Â 10 19 cm À3 ) of 0.4 m thickness on the i-layer. Although impurities such as hydrogen and nitrogen atoms were incorporated, we obtained the n þ -type electrical property. 10, 11) The i-layer was successfully grown on a p-type synthetic type-IIb {111} diamond substrate (boron doped: ½B ¼ 2 Â 10 18 cm À3 ) with dimensions of 2 Â 2 Â 0:5 mm 3 , where the levels of impurities such as hydrogen, nitrogen, boron, and phosphorus atoms were under the detection limit. The thickness of the i-layer was about 6.5 m.
After the growth, we fabricated mesa structures by a dry etching process and performed metallization of Ti/Pt on both the n þ -layer and the back-side of the p-type substrate. Then, we annealed the sample at 420 C for 30 min in an Ar ambient to obtain lower contact resistances. Finally, we exposed the sample to a hydrogen radical shower using a hot-filament system to obtain NEA. After the sample was set in the vacuum of the electrical measurement probe system, the sample was annealed at 300 C for 30 min to avoid any influence by surface adsorbates. 12) To measure the electrical properties, the sample was electrically isolated from the sample stage. To maintain high thermal conductivity, a polycrystalline diamond plate (10 mm 2 ) was used on the molybdenum sample stage. In addition, to obtain an electrical connection back to the sample, we placed a Au-film-deposited Ib-type diamond substrate (4 mm 2 ) between the sample and the sample stage. Figure 2 shows the electrical measurement setup for the diode emitters. One probe was connected to the top layer of n þ and the other probe with ground potential was connected to the p-type substrate. Thus, the negative biases (ÀV pin ) corresponded to the forward bias conditions for the diode. Hence, we denoted the diode forward bias as ÀV pin in the experimental results. Electron emission measurement was performed by setting a tungsten wire with a diameter () of 0.5 mm above each diode with a gap of 100 m in vacuum as the anode plate. Here, the anode plate (collector) voltage V A is equal to the high-voltage power supply E.
The diode current and voltage characteristics (I pin -V pin ) were measured. At the same time, V A was fixed at 100 V to measure the anode plate current dependence on the diode voltage (I A -V pin ), while it was varied for I A -V A measurements.
Another electrical measurement setup with a load resistance was prepared to observe high-voltage on/off switching (Fig. 6 ). To measure the anode plate voltage (V A ) at both off (high-voltage) and on (low-voltage) modes, we used a resistance load of 1 G. In this experiment, we observed the static characteristics of the switch, and then used a resistance for the load. A voltage divider with a resistance of 10 G was also used to attenuate V A . Here, the measured voltage V m was set to 0.00091 V A , which was determined after considering the inside resistance (10 M) of the Keithley 2000 digital multimeter that was used for measuring V m . Before the measurements, we validated the performance of the divider.
To evaluate and discuss the performance of these electron emitters as a high-voltage switch, we modeled an equivalent electrical circuit for the vacuum switch on the basis of electron emission from the diamond diode. Basic parameters were chosen for the device to calculate the electric power transmission efficiency as a power switch with the model. On the basis of the calculations of , we evaluated the limitation of the performance of the diamond diode as a power switch. In short, we elucidated the fundamental features of this type of device and determined the practical values of each parameter. Figure 3 shows the results of the I pin -V pin (filled squares) and I A -V pin (open circles) characteristics of a diode in vacuum during RT operation. The dependence of the electron emission efficiency on the (-V pin ) (a solid line) is also shown in Fig. 3 . The mesa area of this diode was 8:5 Â 10 À5 cm 2 and the electrode area was 5:7 Â 10 À5 cm 2 . At ÀV pin ¼ 14 V, I pin ¼ 6:8 mA and I A ¼ 15 A.
Results and Discussion

Experimental results and discussion
According to the I pin -V pin characteristics, rectification properties were observed. However, the leakage currents of I pin for reverse and forward biases were large for a wideband-gap semiconductor diamond. One of the reasons for this seems to be the presence of leakage current on the surface; this is because the dry etching process is not yet fully optimized. I A showed onsets at ÀV pin ¼ 4:2 V, which is just below the built-in potential expected as a diamond p-n junction diode with boron acceptors and phosphorus donors. 10) This indicates that the quality of the i-layer up to 6.5 m is high enough to show sufficient diffusion length for both the free electrons and free holes.
Before hydrogenation, the sample surface was oxidized. No electron emission was observed before hydrogenation, as exhibited in all previously reported diode experiments. 10, 13, 14) These results indicate electron emission owing to NEA. In addition, as expected, I A was not observed in the reverse bias region. These results indicate that electron emission is not controlled by the field effect caused by the anode plate voltage (V A ) and the gap distance of 100 m.
After turning on this diode with ÀV pin > 4:5 V, the I pin and I A monotonically increased. In addition, monotonically increased with increasing ÀV pin . We need further investigations on the device operation to understand the relationship among these parameters. [5] [6] [7] 10, [13] [14] [15] [16] [17] [18] [19] At ÀV pin ¼ 14 V, I pin ¼ 6:8 mA, I A ¼ 15 A, and then ¼ 0:22% in RT operation. By using the current constant operation of I pin at 10 mA after stabilizing the ( junction) temperature at approximately 1 min, I A settled at 22 A and ÀV pin decreased to less than 10 V. Here, ÀV pin at I pin ¼ 10 mA was lower than that at I pin ¼ 6:8 mA. The lowering of the resistance indicated the heating effect in the diode. Nevertheless, was maintained at 0.22% after stabilizing the temperature. Moreover, I A and were very stable, and there were neither spikes nor flicker noises observed, unlike in the field emission cases. Figure 4 shows the I A -V A properties of the vacuum switch at I pin ¼ 10, 20, and 30 mA. Note that I A is plotted on a logarithmic scale. We observed that I A depended upon I pin superlinearly. For instance, when I pin increased three times from 10 to 30 mA, I A at V A ¼ 20 V increased 66 times. Thus, we denoted I A ¼ I A ðI pin ; V A Þ in Fig. 2 . Although the mechanism for this superlinear increase has not yet been clearly understood, the phenomenon was observed in our previous reports. 10, [13] [14] [15] For the experiments of high-voltage on/off switching, we used an electrical circuit setup, as shown in Fig. 5 . Note that there are two electrical circuits: one for the high-voltage system and the other for the diode. Here, a detailed vacuum switch with the p-i-n diode is depicted.
Furthermore, V A is the anode plate voltage for the electron emitter and is the electron emission efficiency that is expressed as ¼ I A =I pin , as shown in Figs. 2 and 3 . White arrows indicate current flows in each electrical circuit.
To observe the high-voltage on/off switching, we set the load on the high-voltage side so that the diode can operate with ease. When the switch is on, the voltage drop caused by the load (V L ¼ I A Z) reduces the anode plate voltage (V A ), and then V A corresponds to the on-voltage V on . On the other hand, V A ¼ E in the off-state. Figure 6 shows the electrical circuit used in the experiment, as described in the experimental section. In principle, the vacuum switch consisting of the electron emitter could be modeled in two parts: an ideal switch and a constant current source. Then, an equivalent electrical circuit for the vacuum switches can be expressed, as shown in Fig. 6 , where E is the high voltage of the power supply, I A is the current of the constant current source of the vacuum switch, and Z is the load.
To investigate the low V on achieved by the vacuum switch, the load was set with a resistance of Z ¼ 1 G, which was sufficiently high to drop the full range voltage of the power supply (E ¼ 2 kV) with I A above 2 A. We meas- Fig. 6 . Then, I A can also be elucidated. Figure 7 shows the same I A -V A curve at I pin ¼ 30 mA as shown in Fig. 4 , but on a linear scale. A load curve with Z ¼ 1 G with the voltage divider and V A ¼ 1:81 kV is also plotted. The inset shows an enlargement of the low V A region of Fig. 7 . Figure 7 indicates that the electron emitter must show a V A as low as about 4.4 V when I A ¼ 2 A, which corresponds to V on , with the load used in experiments.
In the high-voltage on/off switching experiment, we used another similar diode, which shows a similar performance as the one used in Fig. 7 at I d ¼ 20 mA. Figure 8 shows the result of the experiment at E ¼ 2 kV. The V pin -t curve is also shown in Fig. 8 .
In this experiment, the switching of ÀV pin was manually carried out to observe high-voltage on/off performance, and the step delay in the measurement was 0.5 s. As depicted in Fig. 8 , when the diode was on, V A dropped during 0.5 s (one data point), and when the diode was off, V A rose during 2 s (four data points). Parasitic impedances must be considered to understand the detailed phenomena. The switching speed of power switching devices will be investigated in a future work to take into account the load type, current level, and so on.
The vacuum switch shows stable performance with an on-state voltage V on of about 8 V and a blocking voltage of 1.81 kV. The V on of 8 V was almost the same order as the V on of 4.4 V in the inset of Fig. 7 , indicating that the performance follows the load curve. The V pin -t curve indicates some heat effect on the series resistance of the diode. Figure 9 (a) shows the basic electrical circuit model of a vacuum switch with a diamond diode emitter using NEA. In our case, electron emission is controlled by the forward current of the diamond p-i-n junction diode. As shown in Fig. 4, I A is a function of both V A and I pin , and is expressed as I A ¼ I A ðI pin ; V A Þ in Figs. 6 and 9. For the case of the vacuum power switch, the vacuum gap plays the role of an insulator, which blocks the high voltage E when the switch is in the off-state. In comparison with the solid state devices, the vacuum switch is an good insulator. Figure 9 (b) shows the case when the load and the vacuum switch in Fig. 9(a) are exchanged. We used the case shown in Fig. 9(b) in the experiments. When we determine V L and V on as shown in these figures, the models for the switches are the same.
Model of a vacuum switch with a diamond diode
According to Fig. 9(b) , the efficiency of power conversion (or power gain) G and the power transmission efficiency of the vacuum switch could be determined as follows: Fig. 5 with a high-voltage divider, where E is the high voltage of the power supply, I A is the current of the constant current source of the vacuum switch, and Z is the load. In principle, the vacuum switch consisting of the electron emitter could be modeled with two parts: an ideal switch and a constant current source.
where
where P out is the output power, which is the power consumed by the load; P in is the input power, which is the power consumed by the diode to obtain P out ; V L is the voltage drop caused by the load; I A is the anode plate current; E is the high voltage of the system; V pin is the forward voltage of the diode; I pin is the diode current; Z is the load; and V on is the V A of the on-states. Moreover, is the electron emission efficiency similar to the common-base current gain of bipolar transistors, and I A ¼ I pin . When we set an absolute power of unity, then the switch produces an output power with gain G. Thus, ¼ G=ð1 þ GÞ.
Here, we determine the voltage gain g v , which is the ratio of the power supply voltage E to the diode forward voltage V pin . The power gain of the switch G is a product of g v and ð1 À V on =EÞ.
Obviously, parameters of , g v , V on , and E determine the performance of the vacuum switch. Note that V pin is equal to or larger than the built-in potential of the diamond p-n and p-i-n diodes, which is about 4.5 V, for obtaining electron emission. 10, 13) The typical lowest value of V pin used to obtain an I A of more than 1 A from one diode was about 16 V. 10) On the basis of the aforementioned model, we calculated as shown in Fig. 10 . The parameters (g v ) and (V on =E) are plotted on logarithmic scales. Because V on < E in practice, logðV on =EÞ < 0 is calculated, and then > 0. Obviously, Fig. 10 shows that strongly depends on (g v ), while it is less dependent on (V on =E). In the next section, we analyze our experimental result shown in Fig. 8 with a plane view of Fig. 10 , and discuss the performance and potential of switches such as high-voltage switches. Figure 11 shows the plane view of Fig. 10 . According to the result of Fig. 8 , the corresponding values of each parameter of the equations stated in x3.2 are as follows:
Analysis with the model
. The current position of Fig. 8 is then plotted with a filled star mark in Fig. 11 . The power transmission efficiency of the current position in Fig. 11 is just above 1%, but in the actual experiment, the vacuum switch could be operated for 8 V on-state and 1.8 kV off-state switching.
In our result, I A above 1 A at RT was obtained at a V A of about 10 V. As a result, we realized that V on $ V pin . Under this condition, the power gain (G) could be expressed as G ¼ ðg v À 1Þ. Then the power transmission efficiency () is plotted in Fig. 12 . The current position of Fig. 8 is also plotted with a filled star mark in the figure. According to Fig. 12 , both and g v are important for .
As a future high-voltage dc switch, the practical regions should be at least > 0:9 as a power switch. If we could use ¼ 10% (log ¼ À1) as per Koizumi's result, 6 ) the calculated power transmission efficiency > 0:9 as moving towards upper side from the filled star mark in Fig. 12 . By using the best performance value of each parameter in experiments, such as ¼ 10%, V on ¼ 1:8 V, and V pin ¼ 8 V in an E ¼ 100 kV system, reaches 0.9992. These estimations indicate that the current experimental result Fig. 9 . (a) Basic electrical circuit model of a vacuum switch with an NEA emitter of a diamond diode, (b) the case when the load and the vacuum switch are exchanged from the case of (a). We used case (b) in the experiments. When we determine the V L and V on as shown in these figures, the models for the switches remain the same. suggests a high potential of the new type of HVDC switch with a diamond p-i-n diode electron emitter using NEA. In short, a higher electron emission efficiency , a higher system (power supply) voltage E, and a lower diode forward voltage V pin with a higher anode plate current (I A ) are essential to realize a practical switch. To realize a higher and a lower V pin , the designs of both the emitter and the diode are necessary through understanding of the electron emission mechanism.
5-7,10) For a higher E, the insulation technique is important.
For a higher , the p-layer on the top structure seems to be better from the viewpoint of an appropriate external electric field configuration for electron emission. In addition, it is reported that electron emission from the bulk conduction band with an NEA surface occurred only from the p-or ilayer, and not from the n-or n þ -layer. 15) On the other hand, our previous investigations also suggested that a high current density and a high net current operation at RT are due to the n þ -layer on the top structure, which realizes high-quality p-i and i-n þ junctions and a high-quality i-layer with sufficient thickness. When we fabricated p-i-n junctions with the p/i-layers on the n þ -layer, the junction performance with a higher and lower V pin has not been satisfactory during RT operations. 13) Further investigations in film growth should be continued.
Conclusions
We successfully demonstrated a high-voltage on/off switching at 2 kV with a vacuum switch by electron emission from a diamond p-i-n diode using NEA. The vacuum voltage drop at the on-states corresponds to the on-voltage of this switch, which dropped down to 8 V. An equivalent electrical circuit was modeled to evaluate the performance of switches such as power electronics devices. As a result, these estimations indicate that the current result suggests a high potential of the new type of HVDC switch having a diamond p-i-n diode electron emitter using NEA. 
